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ABSTRACT
We present rest-optical spectroscopic properties of a sample of four galaxies in the Atacama Large Mil-
limeter/submillimeter Array Hubble Ultra Deep Field (ALMA HUDF). These galaxies span the redshift range
1.41≤ z≤ 2.54 and the stellar mass range 10.36≤ log(M∗/M)≤ 10.91. They have existing far-infrared and
radio measurements of dust-continuum and molecular gas emission from which bolometric star-formation rates
(SFRs), dust masses, and molecular gas masses have been estimated. We use new H- and K-band near-infrared
spectra from the Keck/MOSFIRE spectrograph to estimate SFRs from dust-corrected Hα emission (SFR(Hα))
and gas-phase oxygen abundances from the ratio [NII]λ6584/Hα. We find that the dust-corrected SFR(Hα) is
systematically lower than the bolometric SFR by a factor of several, and measure gas-phase oxygen abundances
in a narrow range, 12+ log(O/H) = 8.59−8.69 (0.8−1.0 (O/H)). Relative to a large z∼ 2 comparison sample
from the MOSDEF survey, the ALMA HUDF galaxies scatter roughly symmetrically around the best-fit linear
mass-metallicity relation, providing tentative evidence for a flattening in the SFR dependence of metallicity at
high stellar mass. Combining oxygen abundances with estimates of dust and molecular gas masses, we show
that there is no significant evolution in the normalization of the dust-to-gas ratio DGR vs. metallicity relation
from z ∼ 0 to z ∼ 2. This result is consistent with some semi-analytic models and cosmological simulations
describing the evolution of dust in galaxies. Tracing the actual form of the DGR vs. metallicity relation at high
redshift now requires combined measurements of dust, gas, and metallicity over a significantly wider range in
metallicity.
Subject headings: galaxies: evolution — galaxies: high-redshift — galaxies: ISM
1. INTRODUCTION
Dust is a key component of the interstellar medium (ISM),
modulating interstellar chemistry and thermodynamics. Dust
also plays an important role in the observed properties of
galaxies over cosmic time, given that dust grains absorb ul-
traviolet and optical starlight and reradiate it at longer wave-
lengths. Indeed, our census of the star-formation rate (SFR)
density of the universe as a function of redshift is highly in-
complete unless we include the fraction of star formation ob-
scured by dust (e.g., Madau & Dickinson 2014). Of particular
interest is the co-evolution of the dust and metal content of
galaxies, which constrains models of the formation and de-
struction of dust grains, and the overall chemical enrichment
of galaxies (e.g., Feldmann 2015; Popping et al. 2017; McK-
innon et al. 2017; Li et al. 2019; Hou et al. 2019).
In particular, the dust-to-gas ratio (defined as dust mass
divided by gas mass, hereafter DGR) has been shown to
scale with gas-phase oxgyen abundance in the local universe
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(Rémy-Ruyer et al. 2014; De Vis et al. 2019). Regardless of
the specific form used to fit this relationship (broken or sin-
gle power-law), it is shown that galaxies at lower metallicities
(12+ log(O/H) < 8.0−8.2) have a lower ratio of dust to met-
als than more metal-rich galaxies. This scaling relationship
can be interpreted in terms of dust grain growth in the ISM
as galaxies evolve from lower to higher metallicity (Popping
et al. 2017). Both semi-analytic models and numerical simu-
lations have been used to describe the form and evolution of
the DGR vs. metallicity relationship over a wide range of red-
shift. While Popping et al. (2017) and Li et al. (2019) predict
very little evolution in the DGR vs. metallicity relationship
out to z∼ 6, Hou et al. (2019) predict that the DGR should be
detectably lower at fixed metallicity by z ∼ 2 − 3. Although
robust DGR and gas-phase metallicities have been assembled
for hundreds of z ∼ 0 galaxies, the corresponding measure-
ments at z> 1 do not exist.
Sensitive Atacama Large Millimeter/submillimeter Array
(ALMA) and Karl G. Jansky Very Large Array (VLA) ob-
servations of dust continuum and molecular gas emission in
the Hubble Ultra Deep Field (HUDF; Dunlop et al. 2017; Ar-
avena et al. 2020; Riechers et al. 2020) enable DGR estimates
for luminous star-forming galaxies out to z ∼ 2− 3. Here we
present additional measurements of robust gas-phase metal-
licities based on rest-optical spectroscopy, and therefore pro-
vide the first constraints on the DGR vs. metallicity relation-
ship at z > 1. We also compare dust-corrected rest-optical
and bolometric measurements of SFR, directly quantifying
the importance of obscured star formation in our sample. In
Section 2, we present the ALMA HUDF sample, and both ex-
isting and new observations. Section 3 contains our results on
SFR, metallicity, and the DGR vs. metallicity relation. We
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Figure 1. Flux-calibrated MOSFIRE spectra for the four targets in our sample. The spectra are shifted into the rest frame, key nebular emission lines are labeled,
and the 1σ error spectra are plotted in grey. The right-hand panels cover Hα, [NII]λ6584, and [SII]λλ6717,6731 (K-band for UDF3, UDF4, and UDF11 at
2.0 ≤ z ≤ 2.6 and H-band for UDF6 at z = 1.4152), while the left-hand panels additionally cover Hβ and [OIII]λ5007 in the H-band for UDF3, UDF4, and
UDF11.
conclude in Section 4 with a discussion of the implications of
these results. Throughout, we assume a ΛCDM cosmology
with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
2. SAMPLE AND OBSERVATIONS
2.1. ALMA HUDF Sample and Multi-wavelength
Observations
We analyze a sample of four objects drawn from the ALMA
HUDF 1.3 mm survey of Dunlop et al. (2017), which used
a 45-pointing mosaic to cover the 4.5 arcmin2 region of the
HUDF also imaged by the Hubble Wide Field Camera 3/IR.
A total of sixteen 1.3 mm detections were identified in the
ALMA HUDF, ranging in redshift from z = 0.67 to z = 5.00.
This region was subsequently observed by the ALMA Spec-
troscopic Survey in the Hubble Ultra Deep Field (ASPECS;
Walter et al. 2016), which obtained deeper continuum and
higher-order CO emission-line observations at 1.2 mm (Ar-
avena et al. 2020), and additional continuum and CO obser-
vations at 3.0 mm (González-López et al. 2019). Furthermore,
Riechers et al. (2020) performed VLA CO(1-0) observations
at ∼ 9 mm in the ALMA HUDF.
The HUDF is covered by extensive multi-wavelength ob-
servations ranging from radio to X-ray wavelengths. These
include multi-wavelength photometry spanning from the vis-
ible through mid-IR (i.e., Spitzer/IRAC) range, which can be
used to model galaxy stellar populations. To estimate stel-
lar masses, we model photometry from the publicly available
catalogs of the 3D-HST survey (Skelton et al. 2014; Mom-
cheva et al. 2016), corrected for contamination by rest-optical
emission-line fluxes (Section 2.2).
2.2. MOSFIRE Observations
We used the Multi-object Spectrometer for Infrared Ex-
ploration (MOSFIRE; McLean et al. 2012) on the Keck I
telescope to obtain moderate-resolution H-, and K-band rest-
optical spectra for the subset of targets from Dunlop et al.
(2017) at spectroscopic or photometric redshifts where the
strongest rest-optical nebular emission lines fall within win-
dows of atmospheric transmission (1.4 ≤ z ≤ 1.7, 2.0 ≤ z ≤
2.6, and 2.95 ≤ z ≤ 3.8). There were 10 such targets, and
we were able to fit 9 of them on a single multi-object slitmask
centered at R.A.=03:32:43.00 and decl.=−27:46:25.8 (J2000).
We observed this mask on 21 October 2018 and 13 January
2019, for a total of 3.2 hours (64×180 seconds) in K and 2.0
hours (59×120 seconds) in H. The slitwidth was 0′′.7, yield-
ing a spectral resolution of ∼ 3650 in H and ∼ 3600 in K.
Conditions were partly cloudy on 21 October 2018 and clear
on 13 January 2019. The average seeing in both the K- and
H-band spectra was 0′′.6.
We reduced the raw data to produce two-dimensional sci-
ence and error spectra using the pipeline described in Kriek
et al. (2015), and optimally extracted one-dimensional science
and error spectra from the two-dimensional spectra. Flux cal-
ibrations and slit-loss corrections for each filter were applied
as described in Kriek et al. (2015) and Reddy et al. (2015).
Of the 9 sources targeted with MOSFIRE, we measured rest-
optical spectroscopic redshifts for five (UDF3, UDF4, UDF6,
UDF10, and UDF11), based on fitting Gaussian profiles to
the strongest rest-optical emission lines. The remaining four
sources, (UDF1, UDF7, UDF13, and UDF15) either have
photometric redshifts at the edge of the accessible ranges,
such that their unmeasured spectroscopic redshifts may fall
just outside the reach of MOSFIRE observations, or CO red-
shifts (González-López et al. 2019; Aravena et al. 2020) dis-
agreeing with their photometric redshifts such that rest-optical
features fall outside windows of atmospheric transmission or
in extremely noisy regions of the near-IR transmission win-
dows. The source UDF10 is not recovered in the deeper
1.2 mm map from the ASPECS survey, and removed from
further analysis, leaving a final sample of four sources. Spec-
tra for these sources are shown in Figure 1, and their MOS-
FIRE spectroscopic redshifts and Hβ, [OIII]λ5007, Hα, and
[NII]λ6584 line fluxes are listed in Table 1.
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Table 1
MOSFIRE Measurements
IDa 3DHST-IDb R.A. (J2000)c Decl. (J2000)c zMOSFIREd F(Hβ) F([OIII]λ5007) F(Hα) F([NII]λ6584)
(v4.1) (10−17 erg
s cm2
) (10−17 erg
s cm2
) (10−17 erg
s cm2
) (10−17 erg
s cm2
)
UDF3 29606 3:32:38.54 −27:46:34.04 2.5430 1.61±0.34 2.92±0.22 7.38±0.40 2.55±0.34
UDF4 29643 3:32:41.02 −27:46:31.38 2.4537 0.43±0.13 < 1.71 1.89±0.39 0.79±0.24
UDF6 27881 3:32:34.43 −27:46:59.55 1.4152 · · · · · · 6.52±1.38 2.84±0.59
UDF11 24110 3:32:40.05 −27:47:55.44 1.9978 · · · 4.96±0.30 18.60±0.47 5.29±0.50
a Galaxy ID in Dunlop et al. (2017).
b ID in the 3D-HST v4.1 catalog (Momcheva et al. 2016).
c Coordinates in the 3D-HST v4.1 catalog (Momcheva et al. 2016).
d Redshift from MOSFIRE spectra.
Figure 2. Metallicity vs. stellar mass. Metallicity (12 + log(O/H)) is es-
timated from the N2 indicator. The ALMA HUDF targets are indicated
with red squares, while galaxies in the z ∼ 2 MOSDEF comparison sam-
ple (Sanders et al. 2018) are indicated with blue circles (detections) or
downward-pointing arrows (upper limits). Stacks of z ∼ 2 MOSDEF galax-
ies in bins of M∗ are shown with black pentagons. The fit to the MOSDEF
stacks is indicated with a green dashed line.
3. RESULTS
We combine our new MOSFIRE observations with the ex-
isting multi-wavelength data in the ALMA HUDF to deter-
mine the relationships among stellar populations, gas, dust
and metals.
3.1. Stellar Masses and SFRs
We estimated stellar masses by fitting photometry obtained
from the 3D-HST photometric catalogs (Skelton et al. 2014;
Momcheva et al. 2016) with FAST++, an SED-fitting code
written in C++ 7 and closely based on the FAST code (Kriek
et al. 2009). The Conroy et al. (2009) flexible stellar popula-
tion synthesis models, a Chabrier (2003) initial mass function
(IMF), delayed-τ star-formation histories, and the Calzetti
et al. (2000) dust attenuation curve were assumed. We es-
timated dust-corrected Hα SFRs (SFR(Hα)) for UDF3 and
UDF4, which have coverage of both Hα and Hβ. First we
calculated E(B−V )neb, using the stellar-absorption-corrected
Hα/Hβ Balmer decrement, assuming an intrinsic Hα/Hβ
7 https://github.com/cschreib/fastpp
emission-line ratio of 2.86 and the Cardelli et al. (1989) ex-
tinction law. We then used E(B−V )neb to dust-correct Hα line
fluxes. SFR(Hα) was then estimated from dust-corrected and
slit-loss-corrected Hα luminosities, based on the calibration
of Hao et al. (2011) for a Chabrier (2003) IMF. Hβ falls in the
J band for UDF6, and in a region of low atmospheric trans-
mission for UDF11. Accordingly, we report uncorrected Hα
SFRs as lower limits for these two galaxies.
An important question is how well dust-corrected Hα emis-
sion traces the bolometric SFR at high redshift. The answer
likely depends on the bolometric SFR. While Shivaei et al.
(2016) has shown good agreement between dust-corrected
SFR(Hα) and bolometric SFR for a sample of 17 star-forming
galaxies at z ∼ 2 with SFR ranging from ∼ 10− 250 Myr−1
(median 74 Myr−1), Chen et al. (2020) show that dust-
corrected SFR(Hα) underpredicts the IR-based (i.e., bolomet-
ric) SFR by at least a factor of 3 for a sample of 5 submillime-
ter galaxies with a median IR-based SFR of ∼ 500 Myr−1.
We take “total" SFRs from Dunlop et al. (2017) (SFRtot) as the
sum of UV (uncorrected for dust) and far-IR SFRs, and com-
pare them with dust-corrected SFR(Hα) for UDF3 and UDF4
(shown in Table 2). We find that dust-corrected SFR(Hα) is
a factor of 3.7+2.7−2.0 and 8.2
+13.0
−5.5 lower than SFRtot, respectively,
for UDF3 and UDF4, although, because of the large error bars
on both sets of measurements, the difference is not highly sig-
nificant. UDF3 and UDF4, with SFRtot values ranging from
∼ 100 − 200 Myr−1, appear consistent with the results of
Chen et al. (2020), although a larger sample of star-forming
galaxies spanning a wide range in SFR is needed, covered by
measurements of Hα, Hβ and IR-based tracers of bolometric
luminosity.
3.2. Metallicities
One of the key scaling relations probing the flow of baryons
through galaxies is the mass-metallicity relation (MZR), be-
tween oxygen abundance and stellar mass. The MZR has been
traced from the local universe out to z ∼ 3 (e.g., Tremonti
et al. 2004; Onodera et al. 2016). Since all four ALMA
HUDF targets have measurements of the [NII]λ6584/Hα ra-
tio, we use the N2 indicator (N2≡ log([NII]λ6584/Hα); Pet-
tini & Pagel 2004) to estimate gas-phase oxygen abundance
(Table 2). For the MZR analysis, we apply the linear form
of the N2 calibration, 12+ log(O/H) = 8.90+ 0.57×N2. Our
sample spans a narrow range of metallicity, from ∼ 0.8− 1.0
solar, (assuming 12+ log(O/H) = 8.69; Asplund et al. 2009).
For context, in Figure 2 we plot the masses and metallici-
ties of the ALMA HUDF sample alongside those of the z∼ 2
star-forming galaxy sample of Sanders et al. (2018) from the
MOSDEF survey. z ∼ 2 MOSDEF galaxies ranging in mass
from log(M∗/M) = 9.0 to log(M∗/M) = 10.5 are stacked in
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Table 2
Derived Physical Properties
ID log(M∗) SFRtota SFR(Hα)b 12+ log(O/H)c S1.2d S3.0d Mdust,1.2e Mdust,3.0e Mmolf DGR1.2g DGR3.0g
(M) (M yr−1) (M yr−1) (N2) (µJy) (µJy) (108M) (108M) (1010M) (×10−3) (×10−3)
UDF3 10.52+0.02−0.51 199.7±69.0 54.0+42.0−21.1 8.64+0.03−0.04 752±38 32±4 3.24+0.64−0.48 3.61+0.62−0.54 11.6±2.4 2.8+1.0−0.6 3.1+1.0−0.7
UDF4 10.36+0.09−0.22 94.4±4.0 11.5+22.5−7.0 8.68+0.09−0.10 316±16 23±4 1.39+0.28−0.20 2.61+0.59−0.52 2.4±0.9 5.8+3.8−1.7 10.9+7.3−3.5
UDF6 10.88+0.04−0.04 87.1±11.0 >3.7 8.69+0.07−0.07 430±23 · · · 2.39+0.40−0.31 · · · 10.0±0.8 2.4+0.5−0.3 · · ·
UDF11 10.91+0.01−0.04 168.3±94.0 >24.8 8.59+0.02−0.02 342±34 ≤ 20 1.69+0.34−0.26 · · · 2.0±0.3 8.4+2.3−1.6 · · ·
a “Total" SFR estimated from the sum of far-IR and UV emission, from Table 4 of Dunlop et al. (2017).
b Dust-corrected Hα SFR. For UDF3 and UDF4, the Balmer decrement is inferred from Hα and Hβ. Hβ is not covered for UDF6 and UDF11, so the
uncorrected Hα SFR is listed as a lower limit.
c Gas-phase oxygen abundance based on the linear N2 indicator (Pettini & Pagel 2004).
d ALMA 1.2 mm and 3.0 mm fluxes from the ASPECS survey (Aravena et al. 2020).
e Dust mass in units of 108M, based on either S1.2 or S3.0, assuming an optically-thin modified blackbody function, and dust temperature, Tdust = 35±5K.
f Molecular gas mass in units of 1010M. Mmol for UDF3 and UDF4 are taken from Riechers et al. (2020), based on CO(1-0) luminosities, while those for
UDF6 and UDF11 come from Aravena et al. (2020), based on higher-order CO transitions.
g Dust-to-gas ratio in units of 10−3, defined as the ratio between either Mdust,1.2 or Mdust,3.0 and Mmol.
bins of M∗. These stacked points are plotted as well as their
best-fit linear regression (Sanders et al. 2018).
The ALMA HUDF points lie at the massive end of the
MOSDEF sample, with only UDF4 overlapping the most
massive MOSDEF stack in M∗, and scatter around the best-fit
linear MZR relation. Given the observed redshift evolution
in the MZR, we restrict the comparison to UDF3, UDF4, and
UDF11, all at z∼ 2. According to the “Fundamental Metallic-
ity Relation" (FMR; Mannucci et al. 2010; Andrews & Mar-
tini 2013) discovered among z ∼ 0 galaxies and describing
the dependence of metallicity on both M∗ and SFR, galaxies
with higher-than-average SFR at fixed M∗, lie at lower-than-
average metallicity at fixed M∗. Sanders et al. (2018) demon-
strated that the FMR holds in this sense for z ∼ 2 MOSDEF
galaxies. In Dunlop et al. (2017), UDF3, UDF4, and UDF11
are shown to have bolometric SFRtot that place them above
the SFR vs. M∗ main sequence on average, yet we observe no
corresponding average offset below the MZR.
At the same time, there is evidence that at the high-
est masses (> 1010.5M) in the local universe, the SFR
dependence in the FMR reverses, such that galaxies with
higher-than-average SFRs have higher-than-average metallic-
ities (Yates et al. 2012). This high-mass regime, in which
most of the ALMA HUDF targets lie, is currently poorly
sampled in the z ∼ 2 MOSDEF dataset. A larger sam-
ple of high-mass z ∼ 2 galaxies with metallicity measure-
ments spanning a wide range in bolometric SFRs is there-
fore needed to place the the masses, metallicities, and SFRs
of the ALMA HUDF sample in context. We mention one
final possibility, which is AGN contamination boosting the
observed [NII]/Hα ratios. UDF3 is identified as a radio-
loud AGN in Dunlop et al. (2017), yet its [OIII]λ5007/Hβ
and [NII]λ6584/Hα ratios (Table 1) place it well within the
distribution of z ∼ 2 MOSDEF star-forming galaxies in the
[OIII]λ5007/Hβ vs. [NII]λ6584/Hα “BPT" diagram (Shap-
ley et al. 2019). Spatially-resolved integral-field unit spectro-
scopic observations may address the question of AGN con-
tamination.
3.3. The Relationship Between DGR and Metallicity
The unique aspect of the dataset analyzed here is the combi-
nation of both dust and gas masses drawn from the literature
with new gas-phase oxygen abundance measurements. This
combined dataset enables us to investigate, for the first time,
the relationship between DGR and metallicity at z> 1.
Given the greater depth of the ASPECS 1.2 mm observa-
tions, we use these measurements to infer dust masses in-
stead of the original 1.3 mm measurements from Dunlop
et al. (2017). For the two sources in our sample with AS-
PECS 3.0 mm measurements (UDF3 and UDF4), we also
use these longer-wavelength continuum observations as inde-
pendent proxies for dust mass. To translate 1.2 and 3.0 mm
flux densities (S1.2 and S3.0) into dust masses, we assume
an optically-thin modified blackbody function (e.g., Hughes
et al. 1997), which yields:
Mdust =
SνD2L(z)
κνBν(T )(1+ z)
(1)
where Sν is the observed-frame mm-wave flux density
probing the Rayleigh-Jeans tail of a modified blackbody; κν
is the dust mass absorption coefficient at frequency, ν, with a
functional form κν = κ850( νν850µm )
β , and κ850 is the opacity at
850 µm. Following recent work by Liang et al. (e.g., 2019),
we adopt κ850 = 0.05 m2 kg−1 and β = 2.0. Bν(T ) is the Planck
function, and DL(z) is the luminosity distance to redshift, z.
For estimating dust mass, we also assume a dust temperature
of Tdust = 35±5K (McLure et al. 2018).
We further assume that the gas mass is well-approximated
by the molecular gas mass, as is standard for z ∼ 2 star-
forming galaxies (Tacconi et al. 2018), and take Mmol from
the literature. Riechers et al. (2020) present Mmol for UDF3
and UDF4 based on CO(1-0) measurements, while Aravena
et al. (2020) present Mmol for UDF6 and UDF11 based on
higher-order CO transitions, using the average CO excitation
properties of the ASPECS sample (Boogaard et al. 2020) to
convert to CO(1-0). In all cases, αCO = 3.6 (K km s−1pc2)−1 is
assumed to convert CO(1-0) luminosity to Mmol. To estimate
DGR, we simply take the ratio of Mdust and Mmol. S1.2 and
S3.0, along with Mdust, Mmol, and DGR, are listed in Table 2.
We aim to compare the relationship between DGR and 12+
log(O/H) for the ALMA HUDF sample and the correspond-
ing relationship in the local universe. Most recently, De Vis
et al. (2019) compiled metallicity and DGR measurements for
466 galaxies drawn from the local Dustpedia sample (Davies
et al. 2017). Mdust for Dustpedia galaxies was obtained from
fitting multi-wavelength photometry spanning from the UV
Dust-to-Gas-Ratio and Metallicity at High Redshift 5
through the microwave. Mgas was estimated as the sum of
atomic MHI and molecular gas MH2, based on literature mea-
surements of MHI and an assumed relationship for MH2/MHI
as a function of MHI/M∗. Using literature and VLT/MUSE
optical emission-line spectra, De Vis et al. (2019) determined
global galaxy metallicities for a number of different strong-
line metallicity calibrations. These authors present best-fit
linear regressions for DGR vs. metallicity for each metallic-
ity calibration, including N2 (Pettini & Pagel 2004). In detail,
De Vis et al. (2019) used the cubic form of the N2 calibration,
12 + log(O/H) = 9.37 + 2.03×N2 + 1.26×N22 + 0.32×N23,
and fit a subsample of 368 late-type galaxies with Mdust, Mgas,
and N2 measurements. For a consistent comparison, we apply
the cubic N2 calibration here to the ALMA HUDF sample,
which yields slightly higher 12 + log(O/H) values (on aver-
age 0.05 dex) than the linear calibration within the N2 range
spanned by the ALMA HUDF sample. However, this com-
parison does not account for potential biases in the N2 metal-
licity calibration at high redshift due to evolving H II region
physical conditions (Steidel et al. 2014; Sanders et al. 2015;
Shapley et al. 2015).
As shown in Figure 3, we find that the DGRs for the ALMA
HUDF sample based on S1.2 scatter around the local rela-
tion, with median DGR1.2 within 0.04 dex of the DGR pre-
dicted by De Vis et al. (2019) for the sample median metal-
licity. DGR3.0 values for UDF3 and UDF4 are systematically
higher, though consistent with the corresponding DGR1.2 es-
timates. Unlike the local sample, the ALMA HUDF galaxies
in the plot span only a very narrow range in 12 + log(O/H)
(i.e., ∼0.2 dex, at roughly solar metallicity). Accordingly, it
is not possible to determine the slope of the DGR vs. metal-
licity relation at z ∼ 2. However, at solar metallicity, there
is robust evidence that the relationship between DGR and
12+ log(O/H) remains constant from z∼ 0 to z∼ 2.
4. DISCUSSION
We have shown that the normalization of the DGR vs.
metallicity relation at solar metallicity does not significantly
evolve between z ∼ 0 and z ∼ 2. Such a lack of evolution
is consistent with the predictions of the semi-analytic models
of Popping et al. (2017) and the SIMBA cosmological sim-
ulations (Li et al. 2019), in which galaxies evolve along the
DGR vs. metallicity relationship as a function of time. Given
the narrow range in metallicity spanned by the ALMA HUDF
sample, however, we have no information on the form of the
DGR vs. metallicity relation at z∼ 1−2. Future observations
extending down towards lower metallicities and stellar masses
– and correspondingly fainter ALMA dust continuum and CO
flux levels – will be required to determine the slope and scat-
ter of the high-redshift DGR vs. metallicity relationship, and
compare with model predictions.
Assuming that not only the normalization but also the form
of the DGR vs. metallicity relationship remains constant to
z∼ 2, we can infer the DGRs of high-redshift galaxies based
on more easily obtained rest-optical spectroscopic measure-
ments of gas-phase metallicity. Such DGR estimates can be
used to explain the relative invariance out to z ∼ 2 in both
the dust attenuation at 1600Å (A1600) and fraction of star for-
mation that is obscured ( fobscured) at fixed galaxy M∗ (e.g.,
Whitaker et al. 2017; McLure et al. 2018; Cullen et al. 2018).
The invariance of these relations is striking, given the strong
redshift evolution in galaxy properties at fixed M∗ such as gas
fraction and metallicity (Sanders et al. 2018; Tacconi et al.
2020). These properties modulate dust attenuation, which de-
Figure 3. Dust-to-gas ratio vs. 12 + log(O/H). ALMA HUDF sources are
indicated with red symbols. Circles and triangles correspond to dust-to-gas
ratios where Mdust was estimated, respectively, from the ALMA 1.2 mm con-
tinuum flux density (all four sources) and 3.0 mm continuum flux density
(UDF3 and UDF4). Turquoise crosses indicate z ∼ 0 galaxies from De Vis
et al. (2019), while the dashed line is the corresponding best-fit relation. For
both local and high-redshift galaxies, plotted metallicities are estimated from
the N2 indicator in its cubic form (Pettini & Pagel 2004).
pends on both dust column density and wavelength-dependent
opacity. More quantitatively, we can express A1600 as a func-
tion of basic ISM properties as follows:
A1600 ∝ κ1600×DGR×Σgas (2)
where κ1600 is the dust opacity at 1600Å in units of m2 kg−1,
andΣgas is the gas surface density, which can be inferred from
inverting the Kennicutt-Schmidt star-formation law. In future
work, we will investigate whether lower DGRs and higher
Σgas at high redshift cancel out to keep A1600 and fobscured
roughly constant at fixed M∗ – or whether κ1600, which en-
codes the properties of dust grains themselves, must evolve as
well to explain the observations.
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